Human bone collagen from a series of Icelandic human pagan graves was radiocarbon ( 14 C) dated to aid understanding of early settlement (landnám) chronologies in northern Iceland.
Introduction
The pristine landscape of Iceland was colonised from AD 871 ± 2 (Grönvold et al., 1995) as part of the Viking (early Norse) landnám across the North Atlantic (Dugmore et al., 2005) .
Post-landnám Icelandic landscapes experienced large-scale human environmental impacts, climatic variation and societal changes (Vésteinsson, 1998 (Vésteinsson, , 2000 Buckland, 2000; Andrews et al., 2001; Dugmore et al., 2007; Lawson et al., 2007) , yet a lack of detailed contemporary historical records means archaeological and palaeoenvironmental data are crucial for studying this initial settlement period. A key question is verifying the rapid timing of inland settlement; midden deposits from various excavated settlements are in direct contact with the landnám tephra at Mývatnssveit (i.e. the region surrounding Lake Mývatn; Figure 1 ), c. 60 km from the coast (McGovern et al., 2006a . This is paralleled by a considerable number of pagan graves running from the north Icelandic coast to the interior highlands ( Figure 1 ; Gestsdóttir, 1998; Eldjárn, 2000; Roberts, 2008) . These pagan graves are likely to contain early inhabitants of Iceland, pre-dating the Christian conversion around AD 1000. To establish if these interments represented a single age range, or spatially variable ages dependent on the distance from the coast, bone collagen from human and animal bone from the graves was radiocarbon ( 14 C) dated as part of the 'Landscapes circum-landnám' project (Edwards et al. 2004; Dugmore et al. 2005) .
A major consideration when 14 C dating human bone is whether any sample carbon (C) originated from a non-terrestrial reservoir. Terrestrial carbon sources include protein from domesticated land mammals (e.g. cattle), while non-terrestrial carbon sources include marine and freshwater fish and birds, and marine mammals (e.g. seals). The 14 C age of samples from the atmospheric and terrestrial biospheric carbon reservoirs are calibrated to a calendar year age span with the IntCal09 atmospheric curve (Reimer et al., 2009 ), but the 14 C age of samples from other C reservoirs can be offset from that of contemporaneous atmospheric/terrestrial samples. This offset is known as a 'reservoir effect' and must be corrected for in order to produce accurate calibrated age ranges. The marine 14 C reservoir effect (MRE) results from radioactive decay of 14 C atoms during deep ocean water circulation (Stuiver and Braziunas, 1993; Ascough et al., 2005) . In 100% marine samples, the MRE is quantified by calibration with the separate Marine09 curve, plus an additional local offset from the global average MRE, known as ΔR (Stuiver and Braziunas, 1993; Ascough et al., 2005; Reimer et al., 2009) . The 14 C age of bone collagen is a time-averaged integration of 14 C in dietary protein consumed over ~10-30 years prior to death (Ambrose and Norr, 1993; Hedges et al., 2007) , meaning 14 C ages from individuals that consumed large quantities of 4 marine protein appear older than those of contemporaneous individuals that consumed 100% terrestrial diets (cf. Tauber, 1983; Yoneda et al., 2002; Bayliss et al., 2004) . The importance of marine resources to Norse communities, even when located many kilometres inland (Einarsson, 1994; McGovern et al., 2006a) , means that 14 C dating in the Viking Age North
Atlantic can be problematic (e.g. Arneborg et al., 1999; Barrett et al., 2000; Ascough et al., 2006; Sveinbjörnsdóttir et al., 2010) . Samples in this study were therefore assessed to identify 14 C measurements affected by the MRE and correction applied to the ages where possible.
14 C ages of bone collagen containing both terrestrial and marine C can be calibrated with a mixed IntCal09 and Marine09 calibration curve (Bronk Ramsey, 1998) . The amount of marine carbon in the sample must be quantified, usually via its 13 C/ 12 C stable isotope ratio (δ 13 C value) (Coplen, 1995) . Bone collagen δ 13 C values predominantly reflect the δ 13 C of dietary protein; this is significantly different for marine and terrestrial protein, where the δ 13 C of terrestrial herbivore tissue is typically c. -23 to -20‰ (e.g. DeNiro and Epstein, 1978) , compared to c. -15 to -17‰ for marine fish (e.g. Ambrose and Norr, 1993; Jim et al., 2004; DeNiro and Epstein, 1978; Hobson, 1990) . The proportion of marine C in bone collagen of terrestrial omnivores can be assessed on a mass balance basis:
Where:
δ M = isotopic value of the mixture in the sample f Terr , f Mar = fraction of terrestrial and marine C, respectively (where f Terr + f Mar = 1) δ Terr , δ Mar = isotope values of terrestrial and marine C, respectively
The simplest approach to calculate f Mar is via a linear mixing model, as previously used to successfully calibrate 14 C ages of human bone collagen, including Viking period samples from the North Atlantic (cf. Arneborg et al., 1999; Sveinbjörnsdóttir et al., 2010) .
This approach requires δ 13 C end-member values for the bone collagen of a consumer existing on i) 100% terrestrial protein, and ii) 100% marine protein. These can be obtained from individuals known to have existed on the diets in question, or from measurements of dietary resources that are corrected for the diet-consumer trophic level fractionation. In either case, the accuracy of the calculated marine C proportions depends upon the selected end-member values (Dewar and Pfeiffer, 2010) , which must be obtained from the same geographical region as the samples themselves (Hobson, 1999) . This is because plant δ 13 C values, and hence herbivore tissue δ 13 C values, show wide geographical variation (McCarroll and Loader, 5 2004) . In this study we measured the δ 13 C in geographically and temporally relevant samples of major terrestrial and marine protein sources. For a single species population accessing the same food resources, uncertainty in stable isotope-based dietary reconstructions can result from the range in isotopic values. This appears to be a consequence of individual feeding preferences and variable diet-consumer isotopic enrichments, but the resulting variation is not well quantified (Hobson and Schwartz, 1986; Bocherens and Drucker, 2003) . Multiple samples from several individual sites were measured in order to assess the likely range in δ 13 C values within the terrestrial and marine resource groupings and hence obtain some measure of the uncertainty that should be applied to our calculated proportions of sample marine C.
Calibration of sample 14 C ages from North Iceland is complicated by the fact that freshwater resources potentially consumed by the Icelandic settlers often display very large freshwater 14 C reservoir effects (FREs). This is due to the release of 14 C-depleted carbon during geothermal activity (Sveinbjörnsdóttir et al., 1992 , 1995 Ascough et al., 2007 , 2010 ,
and FREs can also vary by several thousand 14 C years within a single freshwater system, meaning that accurate 14 C age correction of affected samples is virtually impossible (Ascough et al., 2011) . Freshwater resources (comprising fish bones and waterfowl eggshell fragments) are abundant at many archaeological sites in the study region; for example, sites within
Mývatnssveit show a very high percentage of freshwater fish (Arctic char and brown trout) in their archaeofauna (McGovern et al., 2006a . This makes it important to assess the potential for freshwater C incorporation into the samples included in the study.
The δ 13 C of freshwater organisms is highly variable between different freshwater systems (Post, 2002) . Where freshwater δ 13 C values overlap with those of organisms within another C reservoir, it may not be possible to differentiate between contributions of resources from these two reservoirs within the tissues of a consumer (Hobson 1990) . Freshwater biota δ 13 C values frequently overlap with the δ 13 C values of terrestrial biota (Hobson, 1990; Lanting and van der Plicht, 1998) . In the study region, δ 13 C values of freshwater biota are in the range -12 to -15‰. These values overlap with those of marine resources, and they are distinct from those of terrestrial biota (Ascough et al., 2010; Russell et al., 2011 ). Although it is therefore possible to discriminate between terrestrial and non-terrestrial sources within human bone in the study region, it is possible that a proportion of the non-terrestrial component could in fact be derived from freshwater resources. The δ 15 N value of consumer bone collagen also reflects that of dietary protein, with an offset of up to +5.3‰ per trophic level (Minagawa and Wada, 1984; Cabana and Rasmussen, 1994, 1996) . The large number of 6 trophic levels in marine ecosystems typically results in δ 15 N values for marine fish in the range ~+11 to +15‰ (Becker et al., 2007) . Analyses of freshwater fish in the study region suggest relatively simple ecosystems with δ 15 N values similar to those of some terrestrial herbivores at ~6‰ (Ascough et al., 2010) . We therefore attempted to use the stable nitrogen isotope ratio ( 15 N/ 14 N, expressed as δ 15 N) of bone collagen to identify any significant freshwater dietary component in the samples not evident from the δ 13 C analyses.
Methodology

Sample material
Human bone
Radiocarbon ( 14 C) age and stable isotope measurements were made on the bone collagen from seven human individuals from seven burial sites in North Iceland (Table 1 ; Figure 1 ). Samples were obtained from the Icelandic National Museum archives and the constituent sites ranged from the coast (Grásíða) to approximately 100 km inland (Suðurárbotnar). Previously published 14 C results on human bone collagen from four pagan burials (Gautlönd, Grímsstaðir, Ytri-Neslönd and Glaumbaer) that also contained material considered to be wholly terrestrial (McGoven et al., 2007; Ascough et al., 2010) , were also included in the dataset.
Archaeofaunal remains: isotope baselines
No archaeofaunal remains were available from the human grave sites, with the exception of horse or dog bone that was interred with human burials at Gautlönd, Grímsstaðir, Ytri-Neslönd and Glaumbaer (ibid. are the most common wild taxa (McGovern et al., 2006a (McGovern et al., , 2006b . The proportions of taxa vary somewhat between sites and between different phases at individual sites, but an overall regional trend is apparent in animal management strategy, with an increasing focus on sheep and cattle during the tenth century (McGovern et al., 2006a .
The sampled contexts ( For radiocarbon ( 14 C) measurements, CO 2 was obtained from collagen via combustion in sealed quartz tubes following the method of Vandeputte et al. (1996) . The sample CO 2 was purified cryogenically and an aliquot taken for off-line δ 13 C determination on a VG SIRA 10 isotope ratio mass spectrometer, using NBS 22 (oil) and NBS 19 (marble) as standards, with a precision of ± 0.1‰ (1σ) for δ 13 C. The δ 13 C values thus obtained were used for normalization of measured sample 14 C/ 13 C ratios to values corresponding to δ 13 C = -25‰ prior to calculation of 14 C ages (Stuiver and Polach, 1977; Donhaue et al., 1990) . These values are presented in Tables 3 and 4 . A 3 ml aliquot of the CO 2 was converted to graphite by the method of Slota et al. (1987) 
Palaeodietary reconstruction and 14 C age calibration
End-members for the δ 13 C linear mixing model were obtained from the averaged measured values for the marine and terrestrial archaeofaunal samples respectively, after application of a trophic level correction of +1‰ to account for tissue-diet δ 13 C enrichment (e.g. Post, 2002) .
The proportion of marine carbon in a sample, calculated on this basis, is strongly dependent upon the selected endpoint values. Therefore, we sought to establish an appropriate error that could reasonably be applied to the calculated values. Values for % marine C in the human bone collagen samples were hence also calculated using a linear model based on i) the lowest and ii) the highest measured δ 13 C values for the marine and terrestrial archaeofaunal sample groups. The difference between these two values was then used to represent the range in % marine C that could be calculated for the human samples using our faunal dataset.
In order to assess the potential for a freshwater dietary component in the human an end member for a 100% terrestrial diet due to a very large scatter in the data. This is discussed in detail below. Instead, we elected to use the δ 15 N of a human bone collagen sample that was highly likely, on the basis of δ 13 C measurements, to represent a 100% terrestrial diet.
Calibrated age ranges, given to 95.4% (2σ) confidence intervals were calculated using OxCal version 4.1 (Bronk Ramsey, 1995 , 2001 ). Firstly, a calibration was performed assuming 100% terrestrial carbon, using the atmospheric (IntCal09) calibration curve. The results thus obtained were compared with those obtained using a mixture of the atmospheric (IntCal09) and marine (Marine09) curves. The percentage marine C in the sample was obtained as described above, using the δ 13 C stable isotope-mixing model. The ΔR used for calibration was based upon measured values for the north coast of Iceland in the Norse period (+111 ± 10 14 C years BP; Ascough et al., 2007) .
Results
Stable isotopes
CN ratios of bone collagen can serve as an indicator of post-depositional degradation, or the addition of contaminants that may affect stable isotopic and radiocarbon measurement values.
Although slight variations exist in the literature, CN values between 2.9-3.6 are generally accepted to show a low probability of post-depositional alteration in bone collagen (cf. DeNiro, 1985; Ambrose, 1990; Larsen et al., 1992) 
Calculation of % marine C in human bone samples
The percentage of non-terrestrial carbon (assumed a priori to be of marine origin) within the human bone collagen samples was calculated via linear regression (y = 270.67 + 13.333x).
The average δ 13 C values for the terrestrial and marine archaeofaunal samples were used as end members, with a trophic level shift of +1‰ applied to the values. The calculated values for these δ 13 C end members in our model compare very well with published values for both ancient and modern populations in the North Atlantic (Arneborg et al., 1999) . The values for pig bone that fell outside the range for cow and caprine samples, and hence indicated a mixed diet, were not included in the terrestrial end member calculation.
Marine C percentages, calculated from regressions for the highest and lowest δ 13 C values for the terrestrial and marine archaeofaunal samples (i.e. sensitivity analysis), showed an average variation of ± 13%. This is similar to the uncertainties used in previous studies (e.g. ± 10%; Sveinbjörnsdóttir et al., 2010) . However, the variation was higher for samples with δ 13 C values heavier than -18‰. We therefore used individual uncertainties on the calculated proportion of marine C for 14 C age calibration purposes.
The calculated percentage of marine carbon for the human bone and pig bone samples that showed heavier δ 13 C values than those for the terrestrial primary consumers is shown in Table   5 . The δ 13 C-based calculated proportion of marine C in the human bone collagen samples ranges from 6 ± 11% to 52 ± 19%. In the pig bones, the δ 13 C-based calculated proportion of marine C ranges from 3 ± 10% to 45 ± 18%.
14 C ages and calibrated age ranges
The 14 C age of human bone samples (Table 3) IntCal09, indicate that a large reservoir effect is present in two of the three measured ages.
These are AD 565-600 (GU-12080) and 394-206 BC (GU-13510). These pig bones were recovered from midden layers that accumulated significantly later than the landnám tephra of AD 871±2 (Lucas, 2010). (Table 5) .
Assessment of the potential for freshwater carbon incorporation into the bone samples
The However, the potential for freshwater protein to also impact upon 14 C ages is now also increasingly recognized (Cook et al., 2001; Bayliss et al., 2004; Fischer et al., 2007; Shishlina et al., 2007; Petchey et al., 2011) . To obtain appropriate calendar age ranges for affected samples requires an ability to quantify the proportion of reservoir-affected C in a sample. This quantification must be credible, as use of an incorrect value for the amount of reservoiraffected C will result in the generation of inaccurate 14 C age ranges. A key problem in quantifying the amount of reservoir-affected (e.g. marine) C in a sample is that the δ 13 C and 14 This decreases the precision to which we can resolve differences in individual diets but increases the probability that our values are accurate.
For human bone samples in this study, 14 C calibration with the mixed terrestrial/marine curve produces calibrated age ranges that are overall in better agreement with the date of landnám, and with pre-existing archaeological information. The samples from Gautlönd, Grímsstaðir and Glaumbaer were apparently interred simultaneously with terrestrial mammals, providing a paired terrestrial 14 C age (Table 4) The latter hypothesis is strongly supported by the 14 C data from the pig samples that were deposited on the archaeological sites significantly after the landnám tephra fall of AD 871±2.
Two of the pigs clearly display a 14 C reservoir effect greater than is possible if it were purely due to marine carbon, indicating these samples are affected by the large freshwater 14 C reservoir effect previously identified in the study area (Ascough et al., 2007 (Ascough et al., , 2010 ; this may have meant that a larger proportion of freshwater fish was available to pigs feeding upon domestic waste. Unfortunately, it is only possible to state that the quantity of freshwater protein consumed was not larger than the uncertainty measure attached to the δ 13 C-based non-terrestrial protein values for these samples. The minimum uncertainty on the proportion of a calculated non-terrestrial dietary component is ± 11%. This is not an extreme measure, as it is similar to uncertainties identified in previous studies (e.g. Sveinbjörnsdóttir et al., 2010) . This means that the resolution to which we are able to detect a freshwater protein component with this method is restricted to gross differences between individuals. The calibrated age ranges produced via the mixed terrestrial/marine calibration curve presented in this study must therefore be taken as minimum estimates due to the potential for the 14 C ages of these samples to be affected by a FRE that is not detectable via stable isotopic analyses. As previously highlighted, when a FRE is substantial, even a minor inclusion of dietary protein from this C reservoir is sufficient to shift the bone collagen and island lagoons (Spennemann and Head, 1998; Petchey et al., 2011 
Conclusions
The results reveal a significant non-terrestrial dietary component in samples of Norse Icelandic human and pig bone collagen. This substantially complicates 14 C dating because of the need to correct ages for both marine and freshwater 14 C reservoir effects. In this study, the δ 13 C offset between potential dietary resources means we can readily separate terrestrial and non-terrestrial sample carbon, and 14 C age calibration with a mixed IntCal09/Marine 09 curve produces age ranges for human bone collagen that are more consistent with archaeological evidence than calibration with IntCal09. However, two of these ranges remain pre-landnám, and two bone collagen ages for pigs are several hundred years pre-landnám. The results strongly suggest that the δ 13 C-based marine 14 C age correction is insufficient to fully account for the reservoir-affected carbon in at least some samples.
In the study region, very large and variable freshwater 14 C reservoir effects exist and we believe the reason for the inaccuracies in the calibrated calendar age ranges of some pig and human bone samples is that some of the non-terrestrial carbon in the samples is of freshwater rather than marine origin. We can use δ 15 N to assess the general proportions of freshwater carbon in the samples and in the pig bone samples we are confident that the majority of nonterrestrial carbon is freshwater in origin. In the human samples, we can only determine that the proportion of freshwater carbon is not greater than the uncertainty range associated with our calculated marine C proportions. The isotopic variation within the archaeofaunal data presented here highlights the need, during isotope-based dietary reconstructions, to obtain a fully representative set of samples of the dietary resources available to human populations. If the isotopic variability in resource groups is not captured, quantifications of 14 C reservoiraffected carbon, and hence corrected and calibrated 14 C age ranges, are likely to be inaccurate.
The natural isotopic variability within a species population also means there should always be an uncertainty attached to stable-isotope based quantifications of dietary components.
Despite the limitations described above, the data reveal important information concerning Norse dietary and subsistence practices. The results emphasize the importance of marine resources in the diet of early Icelandic settlers, as even individuals buried far inland have a high marine dietary component. Pigs from the archaeological sites that were sampled clearly consumed a different diet to the humans found at pagan grave sites. This difference is most likely to be the result of higher trophic level freshwater resources being fed to the pigs. This could reflect a specific species-husbandry difference. However, measurements of bone collagen from human inhabitants of the archaeological sites are needed to confirm this.
Overall, the study indicates an early date for the Icelandic pagan grave inhabitants, which would be consistent with colonization of inland regions over a short time interval following the initial settlement of Iceland. The chronological resolution we can obtain is limited by an inability to correct for the freshwater 14 C reservoir-affected carbon. Although the presence of such carbon can be identified and quantified using stable isotopes, accurate 14 C age correction depends upon knowing the size of the 14 C reservoir effect to be corrected for. In Iceland, previous research shows FREs can vary by substantial amounts within and between systems, even at a single time period. This study therefore emphasizes that terrestrial samples are to be preferred for archaeological chronology construction wherever possible in order to avoid the uncertainties associated with 14 C reservoir effect correction. 
